ABSTRACT Inactivation of many ion channels occurs through largely voltage-independent 
INTRODUCTION
The general approach developed by Hodgkin and Huxley (1952) over 40 years ago to descnbe sodium and potassium currents in the squid giant axon has been successfully applied to many other membrane currents and now forms the basis for virtually all modeling studies of neuronal behavior. However, further research has clearly demonstrated that the behavior of membrane channels is often inconsistent with the general assumptions of the Hodgkin-Huxley formalism, and more elaborate microscopic descriptions have been developed (Armstrong and Bezanilla, 1977; Bean, 1981; Aldrich et al., 1983; Hoshi and Aldrich, 1988; DeCoursey, 1990; Zagotta and Aldrich, 1990 ; for a general overview, see Hille, 1992) . Although important for understanding how channels operate, these studies have had only limited impact on macroscopic modeling because of their complexity, and because deviations from Hodgkin-Huxley behavior in macroscopic currents have tended to be quite small.
The results on cumulative inactivation of the Kv3 potassium channel reported in the companion manuscript (Marom and Levitan) , and other studies of cumulative inactivation (DeCoursey, 1990; Aldrich, 1981; Marom et al., 1993) , led us to reassess this situation. Cumulative inactivation is a significant phenomenon, with clear biological relevance, that cannot be modeled using the standard formalism. Within the Hodgkin-Huxley approach, inactivation is purely voltage-dependent and, in particular, is state-independent. As discussed in Marom There is evidence that inactivation of the fast sodium channel is also state-dependent (Armstrong and Bezanilla, 1977; Bean, 1981; Aldrich et al., 1983) . We use the approach developed for the Kv3 channel to provide a state-dependent description of sodium inactivation that accounts for the peculiar form of the inactivation rate constant in the Hodgkin-Huxley model and fits data on delayed inactivation (Bean, 1981) .
The two currents and the general approach presented illustrate how the results of single-channel studies can be incorporated into a macroscopic model with minimal disruption of the formalism so commonly and successfully used. Once the macroscopic description has been developed, the effects of state-dependent inactivation can be studied in model neural systems. When our macroscopic model of the Kv3 current is added to a model neuron, cumulative inactivation produces an interesting shortterm memory phenomenon and a firing delay similar to that produced by the current ID in hippocampal neurons (Storm, 1988) . Fig. 1 a shows the macroscopic current conducted by a large number of Kv3 channels (Swanson et al., 1990 ) in a membrane patch in response to sustained depolarization. The current slowly inactivates (time constant 700 ms) during the course of the depolarization. From this figure alone, it might appear that inactivation of the Kv3 current could be modeled using a standard Hodgkin- Huxley description and that, because it is so slow, its biological relevance for excitable membranes is questionable. Fig. 1 , b and c show that both of these assumptions are wrong. Inactivation also occurs in response to a series of short pulses of depolarization similar to a sequence of action potentials. Examination of the height of the peaks in Fig. 1, b 
RESULTS

Cumulative inactivation
In the absence of inactivation, the number of channels in the open state 0* is proportional to n4. The voltage-dependent rate functions a. and ,, are given by the fits obtained in
Marom and Levitan (companion manuscript).
To model cumulative inactivation, we include an inactivation variable h and express the macroscopic current as I = gKn'h(V -EK). Here, gK is the maximal conductance, and EK the potassium equilibrium potential. Normally, h would be described by an equation identical in form to Eq. 1 for n, with voltage-dependent rate constants a. and 13k. However, this is not adequate to describe cumulative inactivation because it is a state-dependent rather than voltage-dependent process. To model cumlative inactivati, we retain the standard form for the current, I = gKn'h(V -EK) but modify the form ofthe atimon descnbing the inactivaton variabl h (see below).
In the microscopic model of Scheme 1, the channel inactivates through a voltage-independent transition from the open state 0* to the inactivated state I. To model this, we note that the friaction of channels in the open state 0* is n4h in the macroscopic description, whereas the fraction in the inactivated state is (1 -h). According to Scheme 1, the rate of inactivation should be equal to the fracion of open channels, n4h, times the inactivation rate constant k., and the rate of recovery from inactivation should be the fraction of inactivated channels (1-h) times the rate constant k16. Therefore, the inactivation variable should be described by the equation
where k. and k. are voltage-independent rate constants, k. = 1/20 s, and k. = 11700 ms (Marom and Levitan, companion manuscript). Note that in contrast to the usual form of the inactivation equation (Hodgkin and Huxley, 1952) , the membrane potential does not appear anywhere in Eq. 2. Instead, the activation variable n appears, reflecting the state dependence of the cumulative inactivation process and making this a "coupled" model (Hoyt, 1963 (Hoyt, , 1968 (1981) be nonzero at time t = 0 when the depolarizing pulse begins. Precise measurements have revealed a short delay before the sodium inactivation process begins following depolarization (Bean, 1981; Goldman and Schauf, 1972; B nllla and Armstrong, 1977) . Although nonzero, this delay is shorter than the delay to maximum activation of the sodium current (Bean, 1981) . Fig. 4 shows that the coupled model we have derived agrees with the double-pulse data. The inactivation process is delayed in the model because it cannot proceed until some activation has occurred. Initially at t = 0, dh/dt = 0 and dh/dt reaches a maximum before the maximum of the sodium current just as it does in the double-pulse experiments (Bean, 1981 Because inactivation of the Kv3 current is a cumulative process, the long, steady depolarization used in Fig. 5 a is not needed to induce the increased response to a test pulse. In Fig.  5 b, a series of short depolarizing pulses was used instead to produce a similar effect as in Fig. 5 a. Indeed, any prolonged activity, whether caused by steady or fluctuating stimulation, will inactivate the Kv3 current and induce the long-lasting increase in excitability seen in Fig. 5, a and b .
In Fig. 5 c, a model neuron with a larger maximal Kv3 conductance was depolarized just below its threshold for repetitive firing. After an initial spike, no further spiking occurred for several seconds. However, during this time the Kv3 current partially inactivated and, after a sufficient time had passed, repetitive spiking began. This is a particularly interesting phenomenon because a very similar effect has been observed in hippocampal neurons (Storm, 1988) When included in a simple model of a spiking neuron, the macroic Kv3 current produces the interesting behavior seen in Fig. 5 . Because of clave inactivation and extemely slow recovery from inactivation, the Kv3 cufrent can provide a neuron with a short-term memory of past activity. A neuron with even a relatively low density of Kv3 channels that has experienced sutained firing within the past 10-20s, will respond much more vigorously to a new input than one that has been silent A somewhat higher level of Kv3 current produces effects very similar to those attnbuted to the current ID (which appears to have properties similar to those of the Kv3 current) in bippocampal neurons (Storm, 1988) . Using the macroscopic model of the Kv3 current, this form of temporal integration and the assoiated neuronal "short-term memory" can be studied in network models as well. 
